Pea starch (S) and poly(vinyl alcohol) (PVA) blends with different ratios were produced 19 in order to elucidate the possible advantages of blend films to overcome the common 20 drawbacks of starch films. Starch, poly(vinyl alcohol) and blends (S:PVA ratios of 2:1, 21 1:1 and 1:2) were obtained by casting and microstructure and thermal behaviour were 22 characterized. Moreover, barrier, mechanical and optical properties were evaluated 23 after 1 and 5 storage weeks at 25 ºC and 53 % relative humidity in order to study the 24 effect of poly(vinyl alcohol) on the ageing process of starch. The incorporation of PVA 25 into pea starch films implied the formation of interpenetrated networks of both 26 incompatible polymers with partial solubilisation. S-PVA blend films were much more 27 extensible and stable during storage, with improved water barrier properties and 28 reduced water sorption capacity especially when the S:PVA ratio were 1:1 and 1:2. 
Polymer compatibility and PVA crystallinity greatly decreased when the starch content 87 rose, which affected the mechanical response of the films. 88 Siddaramaiah et al. 2004 . Although they report an increase in the haze and diffusion of 91 light, there was only a slight change associated with the tensile behaviour of PVA films, 92 which could be explained in terms of the changes in the crystalline structural 93
parameters. 94
Pea starch is highly available and one of its advantage is its high amylose content 95 about 24% to 65%, depending on variety (Hoover and Sosulski 1991; Han et al., 2006) . 96
In most of the cases the amylose/amylopectin ratio is higher than in corn starch. The 97 high amylose content contributes to improve the tensile strength and gas barrier 98 The aim of this work was to analyse the effect of blending different ratios of PVA and 113 pea starch on the structure, thermal behaviour, physical properties and ageing of blend 114 films, in order to elucidate possible beneficial effects in the starch film properties. Preparation of film-forming dispersions and S:PVA blend films 125
Films were obtained by solvent casting procedure after the preparation of film-forming 126
dispersions (FFDs). 127
Starch (1% w/w) was dispersed in an aqueous solution at 95 ºC for 30 min and, while 128 stirred, to induce starch gelatinization. Thereafter, the dispersion was homogenized 129 using a rotor-stator homogenizer (Ultraturrax D125, Janke and Kunkel, Germany) at 130 13,500 rpm for 1min and 20,500 rpm for 3 min. Finally, glycerol was added at a 131 starch:glycerol ratio of 1:0.25, on the basis of previous studies (Jiménez et al., 2012b) . 132 PVA (2% w/w) was dispersed in an aqueous solution and maintained at 90 ºC for 30 133 min until complete dissolution. For S-PVA blends, PVA was incorporated into the 134 previously gelatinized starch dispersion by using S:PVA ratios of 1:2, 1:1 and 2:1 135 (named as S1:PVA2, S1:PVA1 and S2:PVA1, respectively). Afterwards, glycerol was 136 also added (ratio starch:glycerol, 1:0.25). 137
To obtain the films, the FFDs were stirred for 30 minutes and poured into petri casting 138 plates, in the amount which would provide a density of solid of 145 g.m The microstructural analysis of the cross-section and surface of the films was carried 157 out using field emission scanning electron microscopy (FESEM) (Supra TM 25-Zeiss, 158
Germany). To this end, films were equilibrated at 53 % RH in desiccators by using 159 Mn(NO3)2 solution. Two replicates per formulation were fixed on copper stubs, gold 160 coated, and observed using an accelerating voltage of 2 and 5 kV, for the surface and 161 cross-section observations, respectively. 162 163
Thermogravimetric analysis (TGA) 164
A thermogravimetric analyzer (Seiko Exstar 6300, Italy) was used to obtain the thermal 165 weight loss (TG), and the derivate (DTG), of samples. To this end, the samples were 166 heated from 30 ºC to 600 ºC at 10 ºC/min, using a nitrogen flow (250 mL/min). Prior to 167 the analyses, the samples were conditioned at 25 ºC and 53 % RH. The thermal 168 measurements were taken in triplicate. The transparency was determined by applying the Kubelka-Munk theory for multiple 231 scattering to the reflection spectra obtained in a spectrocolorimeter CM-3600d (Minolta 232
Co., Tokyo, Japan) with a 30 mm illuminated sample area. This theory assumes that 233 each light flux which passes through the film is partially absorbed and scattered, which 234 is quantified by the absorption (K) and the scattering (S) coefficients. Transparency 235 (K/S) was calculated, as indicated by Hutchings (1999) , from the reflectance of the 236 sample layer on a white background of known reflectance and on an ideal black 237 background. Measurements were taken triplicate in samples equilibrated at 25 ºC and 238 53 % RH for one and five weeks, using both a white and a black background. 239 240
Gloss 241
Gloss was measured using a flat surface gloss meter (Multi-Gloss 268, Minolta, 242 Langenhagen, Germany) at an angle of 60 º with respect to the normal to the film 243 surface, according to the ASTM standard D523 (ASTM, 1999). Prior to gloss 244 measurements, films were conditioned at 25 ºC and 53 % RH for one and five weeks. 245
Gloss measurements were carried out over a black matte standard plate and were 246 surface of standard black glass with a value close to 100. 248 249
Statistical analysis 250
The results were analysed by means of analysis of variance (ANOVA), using the 251 PVA films also exhibited a smooth surface. Nevertheless, the cross section images 297 revealed the presence of zones with different morphology which could be attributed to 298 the coexistence of amorphous and crystalline regions in the film. The chain 299 associations in crystalline regions will define a different morphology from that of the 300 irregular surfaces, especially when the proportion of PVA in the blend was equal or 303 higher than that of the starch. This indicates polymer incompatibility and the formation 304 of two phases: one PVA-rich phase and another starch-rich phase, which emerge to 305 the surface in a differentiated way when starch is present at equal or lower ratio than 306 PVA. For the highest starch ratio, this polymer forms a more continuous phase and no 307 particles were observed at the film surface. The cross section images of blend films 308 also exhibit this phase separation, which gives rise to two interpenetrated networks of 309 both polymers where the zones with different morphology for PVA can also be 310 appreciated. The phase separation of both polymers in corn starch and PVA blend 311 films has also been reported by Sreekumar et al (2012) . 312 313
Thermal behaviour 314
The thermal behaviour of the films was analysed by TGA and DSC measurements, in 315 order to find out the thermal stability of polymers (Adbelrazek et al., 2010) and to 316 highlight the effect of the different S:PVA ratios on the thermal degradation pattern, as 317 well as the phase transitions in the films in the processing/handling temperature range. 318 Figure 4 shows the weight loss (TG) and derivate (DTG) curves for S, PVA and S:PVA 319 blend films obtained by thermogravimetric analysis while the temperatures for the main 320 degradation step of the films are summarized in Table 1 . For pure starch films, two 321 weight loss steps were observed. The initial weight loss (first peak),up to about 100 ºC, 322
can be attributed to the loss of bonded water in the film (Luo, Li & Lina, 2012). In the 323 second step, between 170-450 ºC, about 70 % of the sample weight was lost, which is 324 related to the main degradation process (peak temperature: 315 ºC). For PVA films, 325 three weight loss steps were observed in Figure 4 . As in the S films, the initial step, up 326 to about 100 ºC, can be attributed to the loss of adsorbed and bound water (Bonilla et 327 third step occurs between 400 -500 ºC and it can be attributed to the degradation of 331 the by-products generated by PVA during the thermal process (Bonilla et and melting behaviour are explained in terms of kinetic hindrances which take place 372 during the crystallization process. In this sense, notable differences can be found 373 between the obtained Tc and Tm temperatures; the latter is the equilibrium value and 374 the former is affected by crystallization kinetics. 375
The crystallization and melting enthalpies of PVA in the different films are shown in 376 Table 2 , expressed as J.g -1 of sample and J.g -1 of PVA in the film, and deduced from 377 the additive integration of all the melting peaks in the thermogram. As expected, the 378 greater the PVA content in the film, the higher the enthalpy value. No significant 379 differences were observed between the ∆Hm and ∆Hc values, which indicates that no 380 undercooling occurred during the cooling step. The crystallinity of PVA was obtained 381 Table 2 , where the inhibition of PVA crystallization brought about by the 384 starch blend can be observed for films containing the same ratio of starch and PVA. An 385 increased variability in the values can also be observed in blend films, which can be 386 attributed to a kinetic control of the polymer chain interactions during crystallization. 387
Taking the variability into account, it is remarkable that no significant inhibition of PVA 388 crystallization occurs in the other blend films with different ratios of PVA and S. 389
As far as glass transition is concerned, starch films showed the highest Tg value (160 390 ºC), which was similar to that reported by other authors for starch films (Ortega-Toro, The Tg of the PVA rich phase did not significantly change with respect to the pure PVA, 396 except for the S1:PVA1 blend, where an increase in the Tg value can be observed. 397
This indicates that starch (with a higher molecular weight) partially solubilises in the 398 PVA phase, thus promoting an increase in the Tg in the blend with the same ratio of 399 polymers. On the contrary, the Tg values of the starch rich phase decreased when the 400 PVA (lower molecular weight) was solubilised in this phase, and this effect was more 401 intense at the highest ratio of starch in the film. So, the partial compatibility of the 402 polymer was dependent on the polymer ratio, as reported by Sreekumar et al. 2012 ; 403 the highest degree of starch miscibility in PVA films occurred at the ratio of 1:1, while 404 the PVA solubilizes in the starch phase at all the tested starch ratios. 405
An analysis of the thermal behaviour of S:PVA blends, as compared with non-blend 406 polymers, indicates that both polymers show partial miscibility, which depended on the 407 polymer ratio, and which affected the behaviour of PVA crystallization and the glass 408 crystallization was significantly inhibited while the Tg of amorphous PVA significantly 410 increased with respect to pure PVA. This indicates that, at this ratio, interactions of 411 starch molecules in the PVA phase were enhanced, and the blend effects were 412 intense. However, the starch rich phase is affected by PVA molecules (lower Tg), 413 especially at the highest S ratio. 414 415 3.3. Water vapour barrier properties of the films 416 Table 3 shows the water vapour permeability values (WVP) of the films at 25 ºC and a 417 53-100 % RH gradient, together with their equilibrium moisture content and thickness. 418
The moisture content of the films ranged between 5 and 8 %, the S films exhibiting 419 higher values (p<0.05) than the PVA films, coherent with their more hydrophilic nature 420 (a higher ratio of hydroxyl groups). PVA is water-soluble and starch is water-sensitive, 421 which leads to their blends being water sensitive (Chen et al., 2008). S:PVA blends had 422 moisture contents that were more similar to S than to PVA films, showing significant 423 differences (p<0.05) with respect to the latter. The higher the starch contents in the 424 films, the greater their equilibrium moisture content. The moisture content of the 425 samples tends to increase throughout 5 storage weeks, but only S and PVA films 426 showed significant differences (p<0.05) after the storage time. This fact indicate that 427 films equilibrate slowly with the conditioning relative humidity, approaching equilibrium 428 value after 5 weeks' storage. 429
The WVP values define the final application of a film in contact with food systems and 430 they must be as low as possible so as to avoid water transfer (Ma, Chang & Yu, 2008) . 431 The different polymer and water interactions also affected the film thickness. Table 3  456 shows these values, where the lower thickness values for starch films than for PVA 457 films can be observed. This indicates that a best chain packaging occurs in starch 458 matrix, whereas PVA chains are less densely packed. increased, but their resistance to break and extensibility did not change, the latter being 487 much higher for PVA than for the S films. The blend films were the least stiff, with no 488 significant differences between blends; the elastic modulus slightly increased during 489 lowest resistance to break, while maintaining high values of stretchability. Both 491 resistance and extensibility decreased when the S ratio increased in the blend. 492
The effect of storage time on these parameters was only appreciated at the highest S 493 ratio where the films underwent a significant loss in extensibility. The , 1997) . This increase in the interchain forces could be related with a 498 potential glycerol migration throughout the storage time, which would lead to the 499 establishment of the hydrogen bonds between chains, thus increasing the film 500 toughness and reducing their extensibility. However, these effects were observed in all 501 samples, included the neat PVA films which do not contain glycerol. So, the 502 progressive chain aggregation throughout storage time occurred in all cases, thus 503 affecting mechanical behaviour. Nevertheless, the incorporation of PVA into starch 504 films seems to limit these changes, giving rise to more stable films from the mechanical 505 point of view, while conferring better flexibility and extensibility to the blend films, with 506 high values of hardness and mechanical resistance. 507
The mechanical behaviour of blend films is coherent with the formation of two 508 interpenetrated networks of both polymer phases with partial chain miscibility, as 509 deduced from the microstructural and phase transition analyses. 510 511
Optical properties 512
The optical properties, UV-VIS spectra, transparency (Ti) and gloss of the films are 513 also directly related with their microstructure, respectively and are affected by the 514 surface and internal heterogeneity of the structure (Jiménez et al., 2012a) . In terms of internal transmittance at 450 (Ti) nm (Table 5) , all the films showed a similar 531 degree of transparency which did not significantly change during storage time and the 532 differences in the film structure did not notably affect the film appearance. As for the 533 film gloss, the PVA films are the glossiest, while the blend films exhibit the lowest gloss 534 values due to the appearance of surface roughness associated with the presence of 535 the two polymer phases, as commented on above. In general, except for the S films, 536
the gloss values were quite stable during storage (Table 5) . A reduction of the gloss in 537 starch films during storage was previously reported and attributed to crystalline 538 formation at surface level, where water sorption occurs, inducing molecular mobility 539 beneficial effects on the mechanical properties of the films, these becoming much more 546 extensible and stable during storage. The water barrier properties were also improved 547
by PVA blending at a S:PVA ratio of under 50%, when films also reduced their water 548 content as compared to the S films. The blends did not lead to a notable loss of 549 transparency or gloss as compared to starch films and maintained their optical 550 characteristics during storage, which did not occur in pure starch films. So, 551 incorporating PVA to the S films at a ratio of around 1:1 represents a good strategy for 552 improving the functionality of starch films without a notable increase in cost. 
